Recent results on Charmonium decays are reviewed which includes two-, three-and four-body decays of χ cJ states, observations of Y(4260) through ππJ/ψ transitions, precise measurements of M (D 0 ), M (η) as well as B(η → X).
Introduction
Decays of a bound state of a quark and its antiquark, quarkonium, provide an excellent laboratory for studying QCD. Particularly, heavy quarkonia such as charmonium states are less relativistic, thus play a special role in probing strong interactions.
CLEO recently has accumulated data taken at the ψ(2S) resonance, providing a total of 27M ψ(2S) decays. With the combination of this large statistical sample and the excellent CLEO detector, we will explore an unprecedented world of charmonia. While many analyses are currently being carried out, in this note we present recent results on multi-body χ cJ decays which employed the pre-existing 3M ψ(2S) sample.
We also present recent studies on decays of one of the exotic states, Y(4260), as well as precision measurement on M (D 0 ) that has an implication on properties of X(3872).
Finally, based on the full sample of ψ(2S) data, we have results on properties of one of the light mesons, η.
Factory of χ c (1
3 P J ) states χ c (1 3 P J ) states, which have one unit of orbital angular momentum and total spin of J=0, 1, or 2, cannot be produced directly from e + e − collisions. They can be reached from ψ(2S) through radiative (electric dipole) transitions. Since B(ψ(2S) → γχ cJ ) = (9.3 ± 0.4, 8.8 ± 0.4, and 8.1 ± 0.4) × 10 −2 for J=0, 1, and 2 respectively [1] , 27M ψ(2S) decays of the new data provides ∼2M decays of each spin state of χ cJ which should give us a greater understanding of the decay mechanisms of the χ cJ mesons.
In this section, we present recent results of studies of χ cJ decays based on 3M ψ(2S) decays which should serve as the foundation for the future precision measurements by employing the full data sample of 27M of ψ(2S) decays.
Two-body decay
We present results on χ cJ decay into combinations of η and η ′ mesons. Figure 1 shows invariant masses of combinations of η and η ′ . No χ c1 is seen as expected from conservation of spin-parity. We measured B(χ c0 → ηη) to be (0.31 ± 0.05 ± 0.04 ± 0.02)% [2] where the first uncertainty is statistical, the second is systematic, and the third is systematic due to the uncertainty in B(ψ(2S) → γχ cJ ). This is slightly higher, but consistent with, the two previously published measurements. The BES Collaboration measured this branching ratio to be (0.194 ± 0.085 ± 0.059)% [3] and the E-835 Collaboration [4] had (0.198 ± 0.068 ± 0.037)%. We also measured B(χ c0 → η ′ η ′ ) to be (0.17 ± 0.04 ± 0.02 ± 0.01)% for the first time. We set upper limits for B(χ c0 → ηη ′ ) < 0.05% , B(χ c2 → ηη) < 0.047%, B(χ c2 → ηη ′ ) < 0.023%, and B(χ c2 → η ′ η ′ ) < 0.031% at 90% confidence level.
Our result can be compared to predictions based on the model of Qiang Zhao [5] . He translates these decay rates into a QCD parameter, r, which is the ratio of doubly-to singly-OZI suppressed decay diagrams. In his model, our results indicate that the singly-OZI suppressed diagram dominates in these decays.
Three-body decay
We have also looked at three-body decays of χ cJ states (one neutral and 2 charged hadrons) [6] . They are
S , and K +p Λ. Measured branching fractions are summarized in Table I . Again, our results are consistent with the results from BES Collaboration [7] , with better precision.
In three of the above modes we looked for,
S , we observed significant signals of χ c1 decays which are shown in Figure 2 . 
We performed Dalitz plot analyses based on these 3 modes in which we neglected any possible interference effects between resonances and polarization of χ c1 . We estimated there could be ∼ 20(15)% variations in fit fractions for the ππη (KKπ) mode due to such a simplified model. Figure 3 shows the Dalitz plot for π + π − η and Table II shows its resultant fit fractions for each source. It is interesting to note that our data demand a relatively large yield of a σ pole.
As for the KKπ mode, we performed simultaneous fits between χ c1 → K + K − π 0 and χ c1 → K S Kπ by taking advantage of isospin symmetry. Dalitz plots for these modes are shown in Figures 4 and 5 . Table III shows their resultant fit fractions.
Four-body decay
We present a preliminary result on four-body decay of χ cJ states in which we reconstructed
Results of this kind of study, many-body decays of χ cJ states, should help to build a comprehensive understanding about the P-wave dynamics. Clean signals were seen in all modes except χ c1 → ppπ 0 π 0 for the first time as can be seen in Figure 6 . Many resonant substructures were also seen for which we only considered significant ones (
The results are summarized in Table V . 
1.95 ± 0.16 ± 0.18 ± 0.14 0.31 ± 0.07 ± 0.03 ± 0.02 ppπ 0 0.59 ± 0.10 ± 0.07 ± 0.03 0.12 ± 0.05 ± 0.01 ± 0.01 0.44 ± 0.08 ± 0.04 ± 0.03
.07 ± 0.17 ± 0.10 ± 0.06 0.33 ± 0.09 ± 0.03 ± 0.02 0.85 ± 0.14 ± 0.08 ± 0.06 Table II Fit results for χc1 → ηπ + π − Dalitz plot analysis. The uncertainties are statistical and systematic. Allowing for interference among the resonances changes the fit fractions by as much as 20% in absolute terms as discussed in the text. The measured branching fraction of
is consistent with that of χ cJ → ρ 0 π + π − as expected from isospin symmetry. Similar isospin symmetry is also seen in Table IV where the partial width 
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are expected to be equal. Table IV also shows another good agreement with the isospin expectation of 
3. Charmonium-like states above DD
Y(4260)
Y (4260) was first discovered by the BaBar Collaboration via the reaction of
Through the same production mechanism of initial state radiation, we also confirmed their observation based on data taken around the Υ(nS) resonances, where n is 1, 2, 3, and, 4 [9] . The invariant mass of π + π − J/ψ based on such ISR production is shown in Figure 7 . Table VI .
The observation of Y (4260) → π 0 π 0 J/ψ is inconsistent with the χ cJ ρ 0 molecular model [11] . Our observation of π 0 π 0 J/ψ rate being about half of π + π − J/ψ rate disagrees with the prediction of the baryonium model [12] . Evidence for the K + K − J/ψ signal is not compatible with these two models either. Table VI also shows that Y(4160) behaves very differently compared to other charmonium states above DD threshold such as ψ(4040) and ψ(4160) for which we set upper limits in terms of cross section (σ(e + e − → X)) and branching fractions.
X(3872) and Mass of neutral D meson
Since X(3872) was discovered by Belle Collaboration [13] and subsequently confirmed by other experiments ( [14] , [15] , [16] ), many theoretical models have been proposed. Perhaps the most provocative theoretical suggestion is that X(3872) is a loosely bound state of D 0 andD * 0 mesons [17] . This idea arises mainly because 
Properties of η
It has been almost half a century since the η meson was discovered [19] . Since then, many measurements have been made by many experiments. Still, almost all exclusive branching fractions are determined as relatives to other η decays.
Based on the 27M ψ(2S) sample, we measured almost all the major modes (99% of generic decays of η) which allowed us to determine the major branching fractions [20] . We obtained the η sample through 
.04±0.02 0.25±0.06±0.03±0.02 0.39±0.07±0.05±0.03 Ns [N b ] ; the cross-section σ(e + e − → X); and the branching fraction of ψ(4040) or ψ(4160) to X, B. Upper limits are at 90% CL. '-' indicates that the channel is kinematically or experimentally inaccessible. 
a two-body decay of ψ(2S), ψ(2S) → ηJ/ψ where J/ψ subsequently decays to two leptons (e + e − or µ + µ − ). That is, we have sample of about 0.1M η decays with a di-lepton tag on J/ψ.
We first constrained the invariant mass of di-leptons to be the known mass of J/ψ. We then combined the fitted J/ψ with η decay products and constrained further to be the mass of ψ(2S). In this analysis, the η decay modes we considered were η → γγ, 3π 0 ,
According to Ref. [1] , the sum of these 5 rates amounts to 99.88% of the total η decays. We then took ratios between efficiencycorrected yields separately for each of J/ψ → e + e − and µ + µ − cases in which all lepton related systematic uncertainties were canceled. The resulting ratios of η branching fractions are summarized in Table VII . Figure 11 shows a graphical version of comparison in terms of ratios of branching fractions to the single most precise other measurements (top of Figure 11 ).
By assuming that the 5 exclusive channels we considered in this analysis cover the all η decay modes, we were also able to extract absolute branching fractions of these 5 modes. Other possible η decay modes are either now allowed and/or found to be less than 0.2% of generic decays η [1] . We included 0.3% as a possible systematic uncertainty in the absolute branching fraction measurements. The results are summarized in Table VIII and also shown graphically in Figure 11 in terms of ratio of our branching fractions to the PDG 2006 global fit (bottom of Figure 11 ). Several of the relative and absolute branching fractions obtained in this analysis are either the most precise to date or first measurements.
Further more, we also measured the mass of η me- We used the same η sample described previously in this Section but used only 4 decay modes, η → γγ, 3π 0 , π + π − π 0 , and π + π − γ while, again, constraining masses of J/ψ and ψ(2S). Our result, the average of the 4 η decay modes, is M η = 547.785 ± 0.017 ± 0.057 MeV which has comparable precision to both NA48 and GEM results, but is consistent with the former and 6.5 standard deviations larger than the later. We note that the KLOE Collaboration also recently measured mass of the η meson to be 547.873 ± 0.007 ± 0.031 MeV which was presented at the 2007 Lepton-Photon conference [25] . π + π − γ 3.96 ± 0.14 ± 0.14 4.69 ± 0.11 e + e − γ 0.94 ± 0.07 ± 0.05 0.60 ± 0.08
Summary
I have presented confirmation of BaBar's observation of Y(4260) in di-pion transition to J/ψ along with a new observation through neutral di-pion transition. Our precision measurement on M (D 0 ) calls for more precise measurement on M (X(3872)). With 3M ψ(2S) sample, we have results on two-, three-, and four-body decays of χ cJ states in which many substructures were seen in three-and four-body modes. Dalitz plot analyses were done for the case of 3-body decays. More detailed analyses can be done with the full 27M ψ(2S) sample. Using the 27M sample, we performed precision measurements on B(η → X) and M (η). 
